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The protein encoded by the US28 gene of human cytomegalovirus (HCMV) has homology to G protein-
coupled receptors (GCR). Previous studies demonstrated that recombinant US28 protein can bind the b class
of chemokines (K. Neote, D. DiGregorio, J. Y. Mak, R. Horuk, and T. J. Schall, Cell 72:415–425, 1993) and
induce a rise in intracellular calcium after the binding of chemokines (J. L. Gao and P. M. Murphy, J. Biol.
Chem. 269:28539–28542, 1994). In order to investigate the function of the US28 protein in virus-infected cells,
a recombinant HCMV (HV5.8) was constructed, with the US28 open reading frame disrupted by the insertion
of the Escherichia coli gpt gene and the gene for the green fluorescent protein. The US28 gene is not required
for growth in human fibroblasts (HF). HF infected with wild-type HCMV bound RANTES at 24 h postinfection
and demonstrated an intracellular calcium flux induced by RANTES. In cells infected with HV5.8, RANTES did
not bind or induce a calcium flux, demonstrating that US28 is responsible for the b-chemokine binding and
induced calcium signaling in HCMV-infected cells. The ability of the US28 gene to bind chemokines was shown
to cause a significant reduction in the concentration of RANTES in the medium of infected cells. Northern
analysis of RNA from infected cells showed that US28 is an early gene, while US27 (another GCR) is a late
gene.

Open reading frames (ORF) with homology to cellular
seven transmembrane spanning receptors have been identified
in the genomes of both beta and gamma herpesviruses (15, 37).
Many cellular seven transmembrane spanning receptors have
been shown to be G protein-coupled receptors (GCR) and
comprise a superfamily of genes encoding the receptors for a
variety of biological compounds, including neurotransmitters,
hormones, odorants, and chemotactic agents. GCR link the
binding of an extracellular ligand to processes within the cell by
their activation of associated G proteins. G proteins can acti-
vate serine/threonine kinases, phosphatidylinositol 3-kinase,
phospholipases, or Ras (9). These proteins, in turn, can stim-
ulate mitogen-activated protein kinase or generate second
messenger molecules, such as diacylglycerol and inositol
triphosphate, resulting in the activation of protein kinase C
and increases in intracellular Ca21 levels (9). Ultimately, these
processes result in the amplification of the initial signal trans-
duced by the ligand-GCR interaction into complex cellular
processes such as chemotaxis.

GCR are receptors for chemokines, derived from chemotac-
tic cytokine, a multigene family of 70- to 90-amino-acid soluble
proteins that are excreted from a variety of cell types and play
important roles in leukocyte trafficking and immune regulation
(7). Two classes of these structurally similar proteins are de-
fined by the first two of four conserved cysteines. In the a class
(e.g., interleukin-8 [IL-8], MGSA, and GCP-2) the first two
cysteines are separated by an intervening residue (C-X-C),

while in the b class (e.g., RANTES, MIP-1a, MIP-1b, and
MCP-1) they are adjacent (C-C). In general, the a-chemokines
attract primarily neutrophils, while b-chemokines can have
activity on monocytes, lymphocytes, eosinophils, and basophils
(46).

The human cytomegalovirus (HCMV) US28 ORF shows
approximately 33% homology to the cellular b-chemokine re-
ceptor CCR-1 (35). Conserved features of viral and cellular
proteins include the putative seven-membrane spanning re-
gions and cysteines implicated in disulfide bond formation.
The sequence homology between US28 and cellular GCR led
to the identification of b-chemokines as the ligand for the viral
receptor. Recombinant HCMV US28 protein expressed in 293
cells was shown to bind b-chemokines (35), and as with the
binding of chemokines by their cellular receptors, the binding
of ligand by recombinant US28 expressed in K562 cells led to
an increase in intracellular calcium (21).

During an acute infection, HCMV can be found in the blood
as well as in numerous tissues, with the lungs, kidneys, salivary
gland, and liver being commonly involved. HCMV has been
identified in a wide variety of cells both in culture and in
patients’ tissue, including epithelial cells, endothelial cells, fi-
broblasts, monocytes/macrophages, and lymphocytes (33, 47,
52). Because HCMV can infect cell types that respond to
chemokines and cell types that produce chemokines, the viral
GCR may mimic the functions of cellular GCR, but the role of
the expression of a viral GCR in viral biology and the cell type
in which it is important are not known.

While researchers examined US28 function with recombi-
nant protein in previous studies (21, 36), we have investigated
the functions of the US28 gene expressed from the viral ge-
nome. We have constructed a recombinant HCMV with the
US28 ORF disrupted by the genes for the green fluorescent
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protein (GFP) and guanine phosphoribosyl transferase (GPT)
and have demonstrated that US28 is responsible for the func-
tions of a GCR in HCMV-infected cells.

MATERIALS AND METHODS

Cells and viruses. Human foreskin fibroblasts (HF) were grown in Dulbecco’s
modified Eagle’s medium (Gibco Laboratories) supplemented with 10% Nu
serum (Collaborative Research, Inc.), 0.1 mg of streptomycin, 100 U of penicil-
lin, and 2 mM L-glutamine in a humidified 5% CO2 37°C incubator. HCMV
(Towne) was used for all experiments.

Construction of recombinant virus. The 6-kb BamHI Q fragment (216298 to
222296 of the published sequence [14]) of AD169 was cloned into the BamHI site
of pOK7 to generate pQ62. A deletion was then generated between the BspHI
(219198) and the StuI (219627) sites contained within the BamHI Q fragment to
create pQ63. This construct, pQ63, was digested with BclI and a 2.5-kb BamHI
fragment consisting of the Escherichia coli gpt gene expressed by the herpes
simplex virus (HSV) tk promoter and the GFP gene under the control of the rat
b-actin promoter was inserted into the BclI site (position 219666) to create pQ64.
For the transfection of HF, pQ64 was digested with BamHI, extracted with
phenol-CHCl3 and CHCl3, ethanol precipitated, and dried. The DNA was re-
suspended in STE (5 mM NaCl, 5 mM Tris-HCl [pH 7.5], 1 mM EDTA) at a
concentration of 1 to 2 mg/ml, and 20 mg was used per electroporation. For
electroporation, HF were trypsinized, mixed with an equal volume of medium,
pelleted at 500 3 g for 5 min, and resuspended in electroporation buffer (a 1:3
mixture of OptiMEM I [Gibco] and cytomix [54] [120 mM KCl, 0.15 mM CaCl2,
10 mM K2HPO4-KH2PO4 [pH 7.6], 5 mM MgCl2]). In 0.4 ml of electroporation
buffer 2 3 106 to 5 3 106 HF cells plus DNA were electroporated with a BTX
ECM 600 instrument set at 285 V and 1,075 mF in a 4-mm cuvette at room
temperature. Cells were plated following electroporation and infected with
HCMV at a multiplicity of infection (MOI) of 2 to 5 at 18 to 24 h postelectro-
poration. Progeny virus from these cultures, harvested 5 days postinfection (dpi),
was used to infect fresh HF and cultured in medium containing 25 mg of xanthine
per ml and 15 mg of mycophenolic acid per ml. Virus was harvested 2 days
post-100% cytopathic effect, and selection with mycophenolic acid was repeated.
Progeny virus from the second mycophenolic acid selection was then used to
plaque purify recombinant virus by twofold-limiting dilution in 96-well plates.
Recombinant virus was identified as green fluorescent plaque under 450- to
490-nm UV illumination.

Two additional viruses, HV5.6 and HV5.7, that have the same US28 deletion
and use the same insertion site as HV5.8 have been constructed. HV5.6 was
constructed with pQ63 with the insertion of the BamHI LacZ-GPT cassette of
pON855 (55) at the BclI site. This virus was generated and selected for with
mycophenolic acid and xanthine as described above for HV5.8. Recombinant
virus was plaque purified with X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galacto-
pyranoside) overlay as described previously (49). HV5.7, which has only the
insertion of the 240-bp simian virus 40 (SV40) polyadenylation signal (position
2533 to 2770) at the BclI site, was generated from HV5.6 with back selection
against the gpt gene with the drug 6-thioguanine by growing HV5.6 in human
Lesch-Nyhan (hypoxanthine-GPT deficient) skin fibroblasts (25). The generation
of HV5.7 is possible because the LacZ-GPT cassette of pON855 is flanked by
direct repeats of the SV40 polyadenylation signals and recombination can occur
between these two repeated sequences, deleting the LacZ and GPT genes,
making the virus resistant to 6-thioguanine, and leaving a single SV40 polyade-
nylation signal as the insert (41, 56). Genome structure of these recombinant
HCMV was confirmed by viral DNA analysis as described previously for HV5.8
(data not shown).

Radioligand binding and displacement. Displaceable binding of 125I-labeled
chemokine was performed on HF at various times after infection. Cells (2 3 106

cells per ml) were incubated with 0.5 nM radiolabeled ligands and varying
concentrations of unlabeled ligands at 4°C for 2 h. The incubation was termi-
nated by removing aliquots from the cell suspension and separating cells from
buffer by centrifugation through a silicon-paraffin oil mixture (43). Nonspecific
binding was determined in the presence of 1 mM unlabeled ligand. Individual
assay determinations, representative of at least three separate experiments, are
plotted. Iodine-labeled chemokines were obtained from Dupont/NEN (Boston,
Mass.), and unlabeled chemokines were obtained from R&D Systems (Minne-
apolis, Minn.). Both homologous and heterologous chemokine displacements
were measured. Experiments were carried out with two independently isolated
recombinant viruses.

Cytoplasmic calcium measurements. HF were loaded with 2 mM indo-1/AM
(Molecular Probes, Inc., Eugene, Oreg.) in complete growth medium at 20°C for
45 min. Cells were then washed, resuspended in Na-Hanks balanced salt solution
(2 mM CaCl2, 145 mM NaCl, 5 mM KCl, 1 mM MgCl2, 5 mM glucose, 20 mM
HEPES, pH 7.3) containing 1% bovine serum albumin and maintained at 20°C
for up to 2 h. Approximately 5 3 105 cells were then suspended in 2 ml of
Na-Hanks balanced salt solution and maintained at 37°C in a constantly stirred
acrylic cuvette. Fluorescence measurements to determine the increase in cyto-
solic-free Ca21 concentration ([Ca21]i) were done with a Photon Technologies
Inc. spectrofluorimeter with an excitation wavelength of 350 nm (4-nm band-
width) and dual simultaneous monitoring of emission at 405 and 485 nm (10-nm

bandwidth). The ratio of emission at 405 and 485 nm was measured at a rate of
2 Hz. Experiments were carried out with two independently isolated recombinant
viruses.

RNA analysis. HF in 60-mm-diameter dishes were infected at an MOI of 5
PFU/cell. When used, ganciclovir (30 mm) was added to the culture medium 1 h
before infection. At various times postinfection, whole-cell RNA was harvested
(16) and analyzed by formaldehyde agarose gel electrophoresis and Northern
hybridization (22) with a 32P-labeled probe. The US27 probe included the se-
quence from 217761 to 219008 of the AD169 sequence, and the US28 probe was
composed of a PCR-generated clone of the US28 ORF (36).

Determination of RANTES concentration in culture supernatants. HF seeded
in 15.5-mm wells were infected at an MOI of 3, with Towne, HV5.8, UV-
inactivated Towne, or heat-inactivated Towne (60°C, 20 min) or left uninfected.
At the end of 1 h of absorption, the inoculum was removed and the cells washed
with phosphate-buffered saline, and 0.3 ml of medium was added to each well.
For each experimental interval, the medium was removed from the culture and
0.3 ml of fresh medium was added. The collected medium was centrifuged for 5
min at 1,500 3 g, and the supernatant was removed to a fresh tube and stored at
270°C until analyzed. The RANTES concentration was determined with an
enzyme-linked immunosorbent assay kit for RANTES (R&D Systems) following
the manufacturer’s instructions.

RESULTS

Construction and analysis of recombinant HCMV. The
steps for the construction of HV5.8, a recombinant HCMV
(Towne) with the disruption of the US28 ORF by a deletion
and the insertion of a GPT-GFP cassette, are diagrammed in
Fig. 1. The construct used to construct HV5.8, pQ64, consisted
of the BamHI Q fragment (position 216298 to 222296 of the
Ad169 sequence) with a deletion of the first 40% of the US28
ORF between positions 219200 (BspHI) and 219629 (StuI). A
GPT-GFP cassette was inserted at position 219666 (BclI)
within the US28 ORF. The GPT-GFP construct (Fig. 1) con-
tains the E. coli gpt gene expressed by the HSV thymidine

FIG. 1. Structure of HV5.8, HV5.7, and the GPT-GFP insert. Schematic
diagram of the HCMV genome with the expansion of the 6-kb BamHI fragment
containing the US28 gene used to construct recombinant virus. The BspHI-to-
StuI deletion removed 430 bp of the US28 ORF. The BclI site is the insertion
point for the GPT-GFP cassette in HV5.8 or the SV40 polyadenylation segment
(nucleotides 2533 to 2774 [20]) in HV5.7. The components of the GPT-GFP
cassette are (starting at the left) SV40 sequence [poly(A)], nucleotides 2533 to
2774 (20); the E. coli guanine-xanthine phosphoribosyl transferase gene (GPT),
nucleotides 667 to 121 (40); the HSV thymidine kinase promoter (TK), nucle-
otides 47925 to 48108 (31); SV40 sequence, nucleotides 128 to 37 (20); the rat
b-actin promoter (b-act), nucleotides 124 to 262 (38); the human T-cell leukemia
virus R region, nucleotides 96 to 270 (42); the A. victoria GFP gene, nucleotides
26 to 742 (39); SV40 sequence [poly(A)], nucleotides 2774 to 2533 (20).
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kinase promoter (55) and the GFP gene (13) expressed from
the rat b-actin promoter (38). The transcripts of both genes are
terminated by early polyadenylation signals of the bidirectional
SV40 polyadenylation signals (12), which can provide polyad-
enylation functions for viral genes upstream of the insertion
site (55). HV5.8 was generated by pQ64-transfected HF, which
were subsequently infected with HCMV (Towne). Progeny
virus was grown under selection for the gpt gene for two cycles,
and recombinant virus containing the GFP was plaque purified
by the identification of green fluorescent plaques under 450- to
490-nm illumination.

Two additional viruses, with the same deletion of US28 as
HV5.8, but with different inserts at the BclI site (219666), have
also been constructed. HV5.6 has the LacZ-GPT insert from
pON855 (55) at the BclI site, and HV5.7 (Fig. 1) has only the
240-bp SV40 polyadenylation sequence inserted and therefore
does not express any heterologous proteins. HV5.7 was gener-
ated from HV5.6 by back selection against the gpt gene with
the drug 6-thioguanine (25).

Viral DNA from HV5.8 was isolated to examine the struc-
ture of the viral genome and to confirm the absence of wild-
type HCMV. Viral DNAs of HV5.8 and HCMV (Towne) were
digested with BamHI or HindIII and separated by agarose gel
electrophoresis. The DNA was analyzed by ethidium bromide
staining (Fig. 2A) and by hybridization with a 32P-labeled DNA
probe containing US27 and US28 sequences (Fig. 2B). The
comparison of HCMV and HV5.8 DNAs in the ethidium bro-

mide gel showed no alterations outside of the US28-containing
fragments. The hybridization analysis showed that the 6-kb
BamHI and the 14-kb HindIII fragments (which contain US28)
detected by the probe in HCMV (Towne) were absent from
HV5.8 and that fragments 2 kb larger than the HCMV
(Towne) fragments were present, as expected.

The recombinant virus HV5.8 carries the gene for the GFP
from the jellyfish Aequorea victoria (39) expressed from the rat
b-actin promoter. The use of the GFP as a marker for recom-
binant virus allows the visualization of infected cells by fluo-
rescent microscopy (Fig. 3). In addition, the presence of the
GFP makes possible the sorting of infected cells by fluores-
cence-activated cell sorting, sorted cells remained viable, and
recombinant virus could be recovered (data not shown).

The growth kinetics of HV5.8 and HCMV (Towne) were
compared (Fig. 4). A four- to fivefold reduction in peak titers
was seen in HV5.8. This result was not likely due to secondary
mutations outside of the US28 region, because three indepen-
dently derived recombinant viruses showed the same pheno-
type (data not shown). Whether this phenotype is due to the
loss of the US28 ORF, the loss of an ORF of 290 codons that
overlaps approximately 75% of the US28 ORF and is also
disrupted in HV5.8, or an effect of the insert has not been
resolved.

Chemokine binding. To determine if HCMV-infected cells
would show specific chemokine binding, experiments with la-
beled chemokines as ligands were performed. HF infected with
HCMV 24 and 48 h postinfection were incubated with 125I-
RANTES and increasing amounts of unlabeled RANTES. The
amount of labeled RANTES bound to the cells was deter-
mined, showing that 125I-RANTES bound to HCMV-infected
cells, and this binding was prevented by competition with un-
labeled RANTES (Fig. 5A and B). HF and HF infected with
HV5.8 or HV5.7 at 24 or 48 h postinfection did not dem-
onstrate 125I-RANTES binding (Fig. 5A and B). This binding
was specific for b-chemokines in that MCP-1, like unlabeled
RANTES, could compete with labeled RANTES binding, but
IL-8 did not (Fig. 5C). In addition, cells 4 h postinfection with
wild-type HCMV or HV5.8 did not show increased RANTES
binding compared to uninfected cells (data not shown). The
lack of chemokine binding by cells infected by both HV5.8 and
HV5.7 supports the finding that US28 is the protein responsi-
ble for b-chemokine binding by infected cells.

Calcium flux. To test if the US28 ORF, expressed from the
viral genome, was responsible for the induction of a calcium
flux, the intracellular calcium level in HF infected with HCMV
(Towne) or HV5.8 was monitored upon the addition of various
chemokines. Changes in the intracellular calcium levels were
monitored by loading infected cells with the fluorescent cal-
cium indicator indo-1/AM and measuring the change in fluo-
rescence, with an increase in relative fluorescence illustrating
an increase in intracellular calcium. No change in intracellular
calcium levels was seen upon the addition of RANTES in
uninfected HF or in cells infected for 4 h with HCMV, while
HF infected for 24 or 48 h demonstrated an increase in calcium
with the addition of RANTES (Fig. 6A). In experiments with
HV5.8, no calcium flux was detected with the addition of
RANTES at any time point (Fig. 6B).

It has been demonstrated that a recombinant US28 gene
expressed in cell lines can elicit a calcium response to b-che-
mokines other than RANTES but not to a-chemokines (21).
HF infected with HCMV were tested for the generation of a
calcium flux in response to MIP-1b (a b-chemokine) and IL-8
(an a-chemokine) (Fig. 6C). A response to MIP-1b was de-
tected, and a subsequent addition of RANTES did not give a
second calcium flux. The addition of IL-8 to HCMV-infected

FIG. 2. Analysis of the genomic structure of HV5.8. Viral DNA was pre-
pared from HCMV (Towne) and HV5.8, digested with BamHI or HindIII, and
electrophoresed on a 0.6% agarose gel. (A) Ethidium-bromide-stained viral
DNA. Molecular size standards in kilobase pairs are indicated on the left. (B)
Autoradiograph resulting from the hybridization analysis of the viral DNAs with
the US27-US28 32P-labeled probe depicted in Fig. 7.
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cells did not elicit a calcium flux, but the subsequent addition
of RANTES did generate a response. In addition, an increase
in intracellular calcium was detected in response to the b-che-
mokines, MCP-1 and MIP-1a, but to a lesser degree than to
RANTES or MIP-1b (data not shown).

Northern analysis of US27 and US28. The binding and cal-
cium flux data indicated that the US28 gene was expressed by
24 h postinfection. To confirm that this was true, the temporal
expression of US28 and that of US27 were determined by
Northern analysis of total RNA isolated from HF at 4, 24 and
48 h postinfection with HCMV (Towne) and at 48 h postin-
fection in the presence of ganciclovir. Figure 7 shows the
Northern analysis of these samples with US27, or US28, de-
rived probes. The US27 and US28 genes are transcribed in the
same direction and terminate at a common polyadenylation
signal at the end of US28, which results in a 2.9-kb US27
transcript and a 1.3-kb US28 transcript (57). No signal was
detected in uninfected HF or at 4 h postinfection. A 1.3-kb

transcript, corresponding to US28, was detected at 24 and 48 h
postinfection, and a 2.9-kb transcript, from US27, was detected
only at 48 h postinfection. In the presence of ganciclovir at 48 h
postinfection only the 1.3-kb RNA was detected, identifying
US28 as an early gene and US27 as a late gene.

US28 moderation of RANTES concentration in CMV-in-
fected cultures. Human fibroblasts can be induced to produce
RANTES by inoculation with tumor necrosis factor alpha (34)
or CMV (32). The effect of US28 on the level of RANTES
present in medium of infected cultures was determined by
assaying the RANTES concentration in culture supernatants
from HF, and HF infected with Towne, HV5.8, UV-inactivated
virus, or heat-inactivated virus, at the time intervals indicated
in Fig. 8. Uninfected HF and those infected with heat-inacti-
vated virus produced minimally detectable levels of RANTES
at all time points, while HF infected with Towne, HV5.8, and
UV-inactivated virus showed a significant increase in RAN-
TES by 8 h postinfection, with increased amounts at the 8- to
16-h interval. The level of RANTES in cultures infected with
Towne rapidly declined after 16 h postinfection until 36 h
postinfection, when levels were similar to those for uninfected
cells. HV5.8-infected cells maintained a high level of RANTES
through 36 h postinfection, but a reduction did occur 2 and 3
dpi. HF infected with UV-inactivated virus maintained ele-
vated levels of RANTES expression at all time intervals.

DISCUSSION

It was previously demonstrated that cell lines expressing
recombinant US28 could bind b-chemokines and show a cal-
cium flux in the presence of chemokine ligands (21, 35). In this
study, we demonstrate that human fibroblasts infected with
HCMV gain the functions consistent with those of a GCR that
recognizes b-chemokines as a ligand. HCMV-infected cells
bind RANTES, a b-chemokine, and respond to the addition of
b-chemokines with the induction of an intracellular calcium
flux. Cells infected with a virus lacking US28 did not show
these functions, demonstrating that the functions of a GCR for
b-chemokines seen in infected cells are due to US28 and not to
other viral genes or to an induced cellular gene.

FIG. 3. Visualization of HCMV plaque on HF. (A) Photomicrogragh of viral plaque under normal illumination. (B) HV5.8 plaque on HF photographed under 450-
to 490-nm UV illumination with a Nikon microscope at 2003 magnification.

FIG. 4. Growth kinetics of HCMV (Towne) and HV5.8. HF were infected at
an MOI of 0.05 with either wild-type HMCV or HV5.8, harvested at the time
indicated, and frozen at 270°C. Samples were thawed and sonicated at the time
of titering. Initial inocula took place on day 0, and the detection limit was 10
PFU/ml.
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It was found that US28 is an early gene, while US27 is a late
gene. The expression of the US28 transcript temporally corre-
sponded to the functions of a GCR for b-chemokines identi-
fied in HCMV-infected cells. The expression of the US28
mRNA at 24 h postinfection contrasts with earlier work with
AD169 indicating that both US28 and US27 were late genes
(57). Possible reasons for the different results could be viral
strain differences, the use of ganciclovir instead of phospho-
noformic acid (PFA), or that in the previous work RNA was
examined at only a single time point, 7 dpi, and the extended
PFA treatment may have had nonspecific effects. A recent
study in which PCR was used for the detection of RNA also
suggested that the US28 gene is an early gene (32), but their
methods could not distinguish between US27 or US28 as an
early gene. It has been postulated that the HCMV GCR may
be constituents of the virion and may account for the
changes in intracellular calcium levels seen in cells shortly
after infection (57). While the UL33 protein was shown to
be a component of the virion (30), we did not detect the
activity of the US28 protein in the first few hours of infec-
tion, indicating that the US28 protein is not a virion protein

or that it is present at too low a level to be detected by our
methods.

Human fibroblasts are capable of producing RANTES (34),
and inoculation of HF with CMV can induce RANTES ex-
pression (32). We found that the US28 gene has a profound
effect on the level of RANTES present in the medium of
infected cells. There was a rapid increase in RANTES present
in culture supernatants from cells inoculated with Towne,
HV5.8, or UV-inactivated virus, whereas a steep decline in
RANTES was seen in Towne-infected cultures starting at the
16- to 24-h postinfection interval; the level in HV5.8 infected
cultures remained elevated. However, a reduction of RANTES
in supernatants of cultures infected with HV5.8 was seen at 2
and 3 dpi, compared to cultures infected with UV-inactivated
virus, suggesting that factors other than US28 can contribute to
lowered chemokine levels. While this result would support a
role for US28 in reducing the immune response to sites of
infection, it remains to be determined whether this is indicative
of a true immune evasion function for US28 or simply an in
vitro effect of the expression of a functional chemokine recep-
tor by the virus.

FIG. 5. Binding of 125I-labeled RANTES by infected cells. (A) Uninfected HF and HF infected for 24 h with wild-type HCMV, HV5.7, or HV5.8 were incubated
with 125I-labeled RANTES in the presence of increasing amounts of unlabeled RANTES, and the amount of labeled RANTES was determined. (B) The displacement
of 125I-labeled RANTES by unlabeled RANTES on cells infected with wild-type HCMV, HV5.7, or HV5.8 at 48 h postinfection. (C) The displacement of 125I-labeled
RANTES from HCMV-infected cells 48 h postinfection by either MCP-1 or IL-8, at a concentration of 100 nM. cpm, counts per minute.

FIG. 6. Intracellular calcium flux in HF infected by HCMV and HV5.8. At the times indicated after infection, cells were loaded with the calcium indicator,
indo-1/AM, and monitored spectrofluorometrically during the addition of the indicated chemokine. (A) HCMV-infected cells at 4, 24, and 48 h postinfection and
uninfected HF, treated with 1 mM RANTES. (B) HF and HF infected with HV5.8 at 24 and 48 h postinfection with the addition of 1 mM RANTES. (C) HF infected
with HCMV at 24 h postinfection. The top trace shows cells treated with 1 mM MIP-1a followed by 1 mM RANTES, and the bottom trace shows cells treated with
1 mM IL-8 and then 1 mM RANTES.
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Genes encoding GCR are a common theme in the genomes
of gamma and beta herpesviruses. The UL33, UL78, US27,
and US28 ORFs of HCMV (15, 24), the U12 and U51 ORFs
of human herpesvirus 6 (HHV-6) (24), ORF 74 of HHV-8
(45), and ECRF3 of herpesvirus saimiri (1) all have homology
to cellular GCR. Epstein-Barr virus, a gamma herpesvirus
without a viral GCR, induces the expression of two cellular
GCR, EBI-1 and EBI-2 (8). EBI-1 is also induced by HHV-6
and -7 (26). The ubiquitous presence of GCR with beta and
gamma herpesviruses suggests an important role for these pro-
teins in viral pathogenesis, but this role has not yet been elu-
cidated. Three possible functions have been suggested for viral
GCR: (i) immune evasion, (ii) cell activation, and (iii) promo-
tion of cell migration and virus dissemination. Our data show-
ing that HCMV-infected cells at early times after infection gain
the function of a GCR for b-chemokines can lend support to
any of these roles postulated for viral GCR.

Viral genes involved in immune evasion that mimic cellular
functions have been identified previously. Poxviruses express
soluble proteins that bind IL-1b and gamma interferon (3, 51,
53), and the use of recombinant virus in animal models has
shown that these proteins can influence the host response (2,
3). It is possible that the US28 protein sequesters chemokines,
thereby reducing the host immune response to sites of infec-
tion. The potential importance of chemokines to the immune
response is illustrated in transgenic mice lacking the b-chemo-
kine MIP-1a, in which a delayed clearance of influenza virus
was found (18). In support of its functioning to adsorb chemo-
kines, US28 was shown to have greater binding affinity than
CCR-1, one of the cellular receptors, for a spectrum of b-che-
mokines (35, 45a). Our data demonstrating that the US28 gene
can reduce the level of RANTES released by an infected cell in
vitro also support a possible role in immune evasion. Although
the US28 gene may function in immune evasion by binding
chemokines, the fact that the US28 protein transmits an intra-
cellular signal suggests that it also has other functions, since
signal transduction should not be required for sequestering
chemokines alone.

The early kinetics of expression of US28 and the induction

of processes involved in cell activation shown by the US28
protein are consistent with its having a role in activating a cell
to allow or enhance viral replication. While CMV has been
shown to replicate in a number of cell types that may express
a chemokine receptor (10, 11, 19, 47), the superior binding of
chemokines by the US28 GCR may be important for the acti-
vation of an infected cell at a level of ligand below that which
activates uninfected cells. The US28 protein may also lead to
the activation of cells by chemokines that do not naturally
express a chemokine receptor.

Chemokines function as cell chemotactic agents in the in-
duction of cell adhesion to endothelium and the enhancement
of cell migration across the endothelium (6, 44). Thus, the
US28 gene may function to influence the migration of infected
cells. The b-chemokines can act as chemotactic agents for
monocytes, T cells, and NK cells (4, 6, 29, 44), some of which
can be infected by HCMV (10, 17, 19, 23, 27, 47, 48). The
expression of the US28 protein would add to infected cells a
GCR with high affinity for a number of b-chemokines (36).
This receptor may therefore give infected cells an improved or
novel migratory ability and thereby contribute to virus dissem-
ination.

In the construction of the HCMV US28 mutant, the GFP
was used as a marker that allowed the identification of recom-
binant plaques under UV illumination as well as the fluores-
cence-activated cell sorting of infected cells and the recovery of
virus. Since the recombinant GFP gene, isolated from the
jellyfish A. victoria (39), was first used as a genetic marker in
Caenorhabditis elegans (13), it has been used in a variety of
organisms, including yeast (5), mammalian cells (50), and
transgenic mice (28). GFP is a valuable biological marker
which allows a nonevasive detection that requires only illumi-
nation by UV light to yield green fluorescence. While the GFP
is useful for the identification of recombinant virus, the great-
est utility of GFP-tagged viruses may be for the noninvasive
identification of infected cells. Future investigations on the
functions of viral GCR will likely involve the study of mono-
cytes and other cell populations in which only a subset of cells
may be experimentally infected by CMV. In such cell popula-
tions, the GFP can allow the specific observation of infected
cells or the isolation of infected cells for use in subsequent
experiments regarding the study of viral GCR.

FIG. 7. Northern blot analysis of the US27 and US28 transcripts. Whole-cell
RNA was isolated from mock-infected HF, HF infected at 4, 24, and 48 h
postinfection, and HF infected at 48 h postinfection in the presence of ganciclo-
vir. RNA was electrophoresed on a 1% agarose–1.2 M formaldehyde gel and
blotted onto nitrocellulose. The autoradiograph resulting from the hybridization
analysis of the RNA with either a US27-derived or a US28-derived 32P-labeled
probe is shown. Lane 1, mock infected; lane 2, 4 h postinfection; lane 3, 24 h
postinfection; lane 4, 48 h postinfection; lane 5, 48 h postinfection with ganci-
clovir. The positions of the 1.3 US28 and the 2.9 US27 transcripts as well as the
positions of 28S and 18S rRNA are indicated.

FIG. 8. RANTES concentration in culture supernatants collected at the time
intervals indicated from cultures of HF infected with Towne, HV5.8, Towne
inactivated with UV (UV), Towne inactivated with heat (heat), and uninfected
HF (uninf). Results plotted are the averages of four experiments.
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